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energy-dispersive X-ray diffractometer. While the texturing behavior of these alloys is 
generally similar to that of pure metals, the 52100 steel and the Cu5Si phase of Cu - 10 at. % Si 
show no texturing at the loads and speeds used in this experiment. 

Photographic methods were used in an attempt to measure the uniform residual s t ress  in 
the wear t racks produced on some pure metals. The stress in copper and iron was, however, 
below the limit of detectability - about 4. 3x107 N/m2 (6X1O3 psi). Line broadening under all 
test conditions in the case of copper and at high load and speed conditions in iron is attributed, 
at least  in part, to the reduction of crystallite size and, perhaps, to nonuniform residual 
stress, as well. 
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TEXTURING AND RESIDUAL STRESS IN METALS 

AS A RESULT OF SLIDING 

by Donald R. W h e e l e r  

Lewis Research C e n t e r  

SUMMARY 

In order  to determine whether the texturing produced in some alloys is similar to 
that produced in pure metals, sliding friction experiments with a hemispherical r ider on 
a flat disk were performed on copper - 10 atomic percent tin, copper - 10 atomic percent 
siiicon, Ais 52iOO bearing d e e i ,  ana 4 4 X  siainiess steei. The wear ‘cracks on t i e  
disks were examined by X-ray analysis with the use of an energy-dispersive diffrac- 
tometer. The pole figures obtained are generally similar to  those obtained for  pure 
metals, with the texture plane being (111) in face-centered cubic s t ructures  and (110) in 
body-centered cubic structures. There is usually a smaller tilt towards the sliding di- 
rection, and 52100 steel and the intermetallic y phase (Cu5Si) of copper - 10 atomic 
percent silicon show no significant texture. 

X-ray measurements were also made to determine the degree of residual s t r e s s  
produced in some pure metals by sliding. The residual uniform stress in iron and cop- 

newtons per square meter (6x10 psi). 
An X-ray line-broadening effect, which limited the accuracy of measurement of uni- 

form s t ress ,  was observed in copper and at high load and speed conditions in iron. This 
may be due to the production of small  crystallites (approx. 0 . 1  p m  in iron) during severe 
wear.  However, nonuniform residual s t r e s s  may be a contributing factor,  especially in 
copper. 

per was below the l imits of detectability of the X-ray diffraction methods used - 4 . 3 ~ 1 0  7 
3 
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i 
INTRODUCTION 

Whenever a metal is worked, the individual crystals tend to take on a common orien- 
~ 

tation in response to the s t ress .  The phenomenon is called texturing, and the type and 



degree of texture may vary with the method of stressing the material  (ref. 1). While 
texturing is usually associated with severe processes such as rolling, it has  been ob- 
served to occur in many pure metals as a result  of abrasion (ref.  2) o r  sliding (refs. 3 
and 4). One part of t h i s  study was conducted to determine whether texturing as a result  
of sliding also occurs  in  some alloys of current or  potential interest for  bearing applica- 
tions and whether the texturing is substantially the same as in the pure metals. 

Residual s t r e s s  a lso occurs in worked metals. It is thought that under conditions of 
applied stress, individual crystall i tes of the metal orient themselves to minimize the 
strain energy in the metal. When the s t r e s s  is released, not all of the crystall i tes r e -  
turn to their unstrained orientations and, as a result, many crystals  a r e  under s t r e s s  
from the surrounding material, even after the applied s t r e s s  is removed, This is known 
as residual stress.  

By determining the difference in the lattice parameters of the worked material  and 
the unworked material by X-ray analysis, it is possible to measure the residual strain 
in the metal. From this, residual stress may be calculated. The second part of this 
study was a n  attempt to use X-ray techniques to measure the residual s t r e s s  produced 
by sliding in pure metals. 

Since the two phenomena being dealt with in the two parts of this work are different, 
and the metal systems being studied a r e  different, it is convenient to discuss each part 
of the investigation separately. Accordingly, the texturing work is discussed f i r s t ,  fol- 
lowed by the discussion of the residual s t r e s s  work. A common concluding section is 
presented at the end of the overall report. 

TEXTURING IN ALLOYS AS A RESULT OF SLIDING 

The phenomenon of texturing and methods for i t s  measurement a r e  described in de- 
tail in reference 5 and in other literature. Here, only the experimental details unique 
to the present work are reported. 

MATERIALS 

The disk and r ider  specimens were made of copper - 10 atomic percent tin 
(Cu - 10 at. % Sn), copper - 10 atomic percent silicon (Cu - 10 at. % Si), AISI 52100 
bearing steel, and 440C stainless steel. The disks were prepared by grinding succes- 
sively on 240-, 300-, 400-, and 600-grit metallurgical papers, diamond polishing, and 
finishing with 0.3-micrometer alumina. The r ide r s  were filed to 0,475-centimeter ra- 
dius and ground with 240-, 300-, 400-, and 600-grit papers and finished with 
1.0-micrometer alumina. 

2 



APPARATUS 

The sliding experiments were done in  a common pin-and-disk apparatus described 
elsewhere (ref. 4). The apparatus was capable of maintaining an inert argon atmosphere 
around the specimens during sliding. 

An X-ray diffractometer was required for these measurements. The diffractometer 
used w a s  constructed for  the purpose and is unusual in principle. Its main features will 
be  described. 

The Bragg condition is that a crystal  plane with spacing d will reflect X-rays of 
wavelength X at angle 8,  if 

I 

X = 2d sin e 

In the operation of a typical diffractometer, a beam of X-rays of one wavelength is di- 
rected at a sample and 8 is varied to observe reflections corresponding to the vari-  
ious d spacings of the crystals.  With the use of the Bragg equation, the d spacings 
are calculated from the known Wavelength x and the observed diffraction angle 8. 

The recent availability of lithium-drifted silicon, Si(Li), X-ray detectors of very 
good energy resolution has  made it possible to approach the problem differently. The 
sample is illuminated at a fixed angle 8 by a beam of essentially "white'' radiation. 
Each properly positioned plane in the sample then reflects radiation of the appropriate 
wavelength A. Other wavelengths a r e  reflected weakly or  not at all. The detector, to- 
gether with a multichannel analyzer, displays the energy spectrum of the scattered radi-  
ation. Each peak in the spectrum is due to diffraction by a plane of spacing d. If the 
Bragg condition is rewritten in t e r m s  of energy, 

hc - = 2d sin 8 
E 

l where h is Planck's constant, and c the speed of light, the spacing d can be calcu- 
I lated from the known angle 8 and the observed energy of diffraction E. This tech- 

1 
f nique, known as energy-dispersive diffractometry, was  used for  this study. 

been described elsewhere (refs.  6 and 7). In this study, the primary advantage w a s  
ability to see all the diffraction peaks at one time. Thus, texturing observed on one 
plane could be confirmed by observations on crystallographically related planes, and in 
the case of the copper-silicon alloy, the texture behavior of both coexisting phases could 
be measured simultaneously. 

In our apparatus, the X-rays f rom a chromium target tube were collimated to  a 

I The advantages of the technique and some important considerations for  its use have 

I 
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beam approximately 1 millimeter in diameter at the sample. The beam w a s  incident on 
the sample at a Bragg angle of 15' 
served to define the angle of reflection at 15'. The sample disks were mounted in a 
special jig on a standard crystal-orienter goniometer. The goniometer axes passed 
through the wear track on the disk so that the wear track could be tilted in two directions 
to obtain pole figure data. The jig incorporated a small electric motor which continually 
rotated the sample about its own axis. Thus, the measured intensities are effectively 
averaged over all positions on the wear track. 

A second collimator in front of the Si(Li) detector 

I 

! 

Bias 

X-ray detector 

Pulser 

/I 
Preampl i f ier  
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Figure 1. - Block diagram of energy-dispersive diffractometer electronics. 

Figure 1 is a block diagram of the electronics required to detect and record the dif- 
fraction pattern. Fo r  each goniometer setting, the entire diffraction pattern in the range 
from 10 to 30 keV was recorded on the teletype. For  the samples used here with 
8 = 15O, this range included all the diffraction lines of interest. X-ray fluorescence 
lines from the samples were observed below 10 keV and served to verify, qualitatively, 
the compositions of the samples. 

This  sample was subjected to sliding against a copper r ider  at 5.18 centimeters per 
second for  1000 passes with a 300-gram-weight load. A pole figure showed all the fea- 
tures previously obtained with a conventional diffractometer (ref. 4). 

Figure 2 shows a typical diffraction pattern obtained from a p l r e  copper sample. 
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Diffracting 

not shown. Such negative resul ts  are valid only for  the relatively mild conditions of this 
experiment. Texturing may occur in these metals at high enough loads. 

Energy, keV 

Figure 2. -Typical energy-dispersive diffraction pattern from copper wear track (10 to 
30 keV region). 

PROCEDURE 
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RESULTS 

AIS1 52100 Bearing Steel 

No significant texture w a s  observed. This sample showed noticeably l e s s  wear than 
any of the others. Again, increasing the load may have brought about the development of 
a surface texture. 

440C Stainless Steel 

Figure 3 shows the pole figure for  the (110) plane in this sample. The la teral  
spread of the contours is due to ridges in the wear track parallel to the sliding direction. 
It has been observed in other studies (refs.  3 and 4). The lobed effect is similar to, but 
more pronounced than, that observed in pure iron (ref. 4). 

Copper - 10-Atomic-Percent-Tin Alloy 

Figure 4 is the pole figure for this alloy. A pronounced (111) texture is evident. 
The elongation in the sliding direction may be  a surface roughness artifact, o r  it may be 
an aspect of the tilt in tne sliding direction, which has  been observed in pure metals 
(refs. 3 and 4). 

Sl iding direct ion 
4. 

Sl iding direct ion 

4. 

Figure 3. - Pole f i gu re  of (110) di f f ract ing plane of 44OC 
stainless steel after wear. Dashed l i n e  represents 
boundary of observed region of projection. 

Figure 4. - Pole f i gu re  of (111) di f f ract ing plane 
of copper - 10-atomic-percent-tin alloy af ter  
wear. 
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Copper - 10 -Atomic -Percent -Silicon Alloy 

This alloy forms a mixture of pure copper and the intermetallic y phase, Cu5Si 
(ref.  8). The observed diffraction pattern was indexed on this basis (ref. 9). Separate 
pole figures were prepared for  Cu and Cu5Si. The Cu5Si shows no significant texture. 

The pole figure for copper in this mixture is shown in figure 5. The texture peak is 

Sliding direction 
! 

Figure 5. - Pole figure of (111) diffracting plane 
of copper after wear of two-phase (Cu-Cu5Si) 
copper - IC-atomic-percent-silicon alloy. 

broader than that observed in the wear of pure copper and is not shifted in the sliding 
direction. The t rue behavior of the Cu (111) is obscured, however, by the Cu5Si (300) 
peak, which is superimposed on it. The absence of lateral spread may be due to the lack 
of severe surface damage in this sample. 

RESIDUAL STRESS IN PURE METALS AS A RESULT OF SLIDING 

X-ray analytical methods for the measurement of s t r e s s  and residual stress in 
crystalline materials a r e  in common use (ref. 5). The apparatus and procedures used 
herein conform to the usual practice. The s t ress  in a particular direction in the surface 
is determined by measuring the spacing d, of planes nearly perpendicular to the surface 
and the spacing d q  of the same planes in crystals whose normals a r e  turned by some 
angle q about an  axis parallel to the surface and perpendicular to the direction of the 
component of stress desired. The component of s t r e s s  is then 
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v 2  sin cp 

where E is Young's modulus, and v is Poisson's ratio for  the material. 
In practice, the X-ray beam is first directed normal to the surface,  and a diffrac- 

tion ring in the back reflection region (8 2 75') is measured. The spacing of the plane 
producing this ring is taken to be d,, although the plane is actually 5' to 15' f rom true 
perpendicular. The sample is then tilted by an amount cp = 30' to 45' about the appro- 
priate axis, and the same ring is remeasured to  get d 

The uniform stress, o r  macrostress ,  measured by line shift must be distinguished 
from nonuniform stress, o r  microstress.  Usually, both are present in plastically de- 
formed materials. In nonuniform stress, the grains a r e  deformed in various directions. 
The result  is a range of lattice spacings, some greater and some l e s s  thzn normal. The 
X-ray lines produced in this case are broadened, and a measure of this broadening can 
be used to calculate the maximum tensile (or compressive) stress present: 

cp' 

where b is the broadening expressed as twice the range of Bragg angle, in radians, 
covered by the line (b = 2A6).  

crystallite size. The size t of crystals producing a line of breadth b is, approxi- 
mately, 

Finally, it must be kept in mind that line broadening is also produced by small 

0 .9  h 
b cos 8 

t =  

MATERIALS 

Rider and disk combinations of 99.998-percent-pure copper and of 99.95-percent- 
pure iron were used. The specimens were prepared in  the same manner as for the 
texturing studies. In addition, they were etched with 5 percent nitric acid in ethyl 
alcohol. 
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APPARATUS 

The friction-and-wear device was the same pin-and-disk apparatus that was used fo r  
the texturing experiments. In this second part of the investigation, the disk and rider 
were always of the same material. Deadweight loading of the rider against the disk was 
variable up to 500 g rams  weight, and the speed w a s  variable from 5.18 centimeters per 
se  cond . 

A choice of chromium, iron, cobalt, copper, and molybdenum target tubes was 
available. These represent most of the X-ray wavelengths that are useful for  diffraction 
work. 

Polaroid 3000-speed film to detect the X-rays. Lead masks permitted exposure of oppo- 
site quadrants of the film separately. A special jig held the specimen disks and allowed 
them to be positioned perpendicular to or at 45' to the X-ray beam. The axis of rotation 
was perpendicular to the beam and tangent to the wear track. The beam could be direc-  
ted onto the wear track or  onto the unworn disk surface. In order  to produce smoother 
diffraction rings, provision was made to osciiiate the disk Giro-ugh ziii aiiik cf &ixt 
10' around its own axis. 

A back-reflection Laue camera with a Polaroid XR-7 cassette was used with 

PROCEDURE 

Specimens were subjected to  sliding friction under the desired conditions in the 
friction-and-wear apparatus. The disks were then mounted in the X-ray camera with 
their  surfaces perpendicular to the beam. Opposite quadrants of the film were covered 
with the masks, so that only half the film was exposed. An exposure was then made - 
40 minutes usually being sufficient. Next, the sample was turned 45O, and the other two 
film quadrants were exposed. A difference in the diameters of the two partial diffrac- 
tion r ings produced in this  way indicates a difference between dl and d 
component of s t r e s s  in the direction of wear. 

If the axis about which the sample was  rotated lay off the surface of the sample, 
the rotation would change the distance between the sample and the film. This would 
produce a change in the ring diameters and would lead to  a spurious conclusion. To 
avoid this, a second set of exposures was made with the beam directed off the wear 
t rack onto the polished and etched, and presumably unstressed, surface. Any differ- 
ence in the ring diameters observed in this case could be used as an instrument cor- 
rection in interpreting the first set  of exposures. 

and thus a 
cp 
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RESULTS 

Iron 

A typical diffraction pattern for iron is shown in figure 6(a). Within the limits of 
e r r o r  of measurement (*O. 5 mm), there is no difference in the diameters of the diffrac- 
tion rings between the normal and the 45' segments. With 0. 5 millimeter used as the 
maximum difference, the upper limit to the residual uniform stress in the wear direction 
is calculated to be 4.32X10 newtons per square meter (6.16X10 psi). A Young's modu- 
l u s  of 9 .25~10"  newtons per square meter (13x10 psi) and Poisson's ra t io  of 0.27  have 
been used f o r  iron. The iron continues to give patterns identical to figure 6(a) at all 
loads through 500 grams at 5.18 centimeters per second and at 24.8 centimeters per 
second with loads below 500 grams. However, at 24.8 centimeters per second and 
500 grams. the pattern shown in figure 6(b) was obtained. The diffuse nature of the 
rings increases, somewhat, the uncertainty of measurement. The upper limit f o r  the 

7 3 uniform residual s t r e s s  in this case is 8 . 7 ~ 1 0  newtons per square meter (12.3X10 psi). 
The diffuse appearance of the rings in figure 6(b) can be due to either nonuniform 

stress or small crystallite size, o r  both. Nonuniform stress is a common feature of 
cold-worked metals. The line width in this case is clearly greater  than the separation 

7 3 nonuniform residual stress of at least 3 . 9 2 ~ 1 0  newtons per square meter (5. 5x10 psi) 
is calculated. The rather smooth nature of the lines in figure 6@), compared to those in 
figure 6(a), indicates that recrystallization and the associated reduced crystallite size 
contributes significantly to the observed line broadening. All of the observed broadening 
could be  due to particle s izes  of 0.1 micrometer, Such small s izes  have been observed 
in cold-worked metals (ref. 10). In fact, a combination of nonuniform stress and size 
effects probably produce the broadening observed, but these data do not justify further 
speculation. 

7 3 
6 

I of the Kal  and Ka2 lines. With this separation used as a lower limit, a maximum 

Copper 

The (400) cobalt Ka diffraction ring of the etched copper surface was sharp and 
easily measured. However, the pattern obtained from the wear track at the lowest pos- 
sible speed (5.18 cm/sec) and load (approximately 50 g) after 100 passes was so diffuse 
as to be unmeasureable. These conditions were the mildest that would produce a wear 
track at least the size of the analyzing X-ray beam. More extreme wear conditions 
broadened the line to the point that it was lost in the background. 

It is not possible to  draw quantitative conclusions from these copper results. Some 

10 



(a) Etched surface. 

(b) Wear track. 

Figure 6. - Iron (310) diffraction line from cobalt radiation. Angle between film plane and specimen surface for 
horizontal quadrants, Oo; for vertical quadrants, 4 5 O .  

11 



qualitative conclusions, however, can be drawn. Since particle s izes  of atomic dimen- 
sions would be required to produce the most severe line broadening observed, this pos- 
sibility may be ruled out. We a r e  left, then, with large nonuniform strains  as the cause. 
Since the line broadening is inversely proportional to Youngcs modulus and proportional 
to the s t ress ,  and since Youngcs modulus for  copper is roughly half that for  iron, we see 
that the s t ress  is more effective in producing broadening in copper than in iron. 
it must be concluded that higher nonuniform s t r e s ses  a r e  retained in copper even under 
more mild conditions of wear than in iron. 

Still, 

SUMMARY OF RESULTS 

TEXTURING 

An energy -dispersive X-ray diffractometer w a s  used to obtain pole figures of four 
alloy samples after they had been subjected to sliding in a pin-and-disk apparatus at a 
speed of 5.18 centimeters per second, under a load of 500 grams weight, for 1200 
passes. The following observations were made from these pole figures: 

1. Texturing is caused by the sliding process in c o p p ~ r  - 10 atomic percent tin 
(Cu - 10 at. (% Sn) and in 440C stainless steel. In the face-centered cubic alloy 
(Cu - 10 at. % Sn), the texture plane is (111); and in the body-centered cubic alloy (440C 
stainless steel), it is (110). 

2. The unusually hard, AIS  52100 bearing steel showed no texture at the loads used 
in this study. 

3 .  The copper in the two-phase (Cu-Cu5Si) copper - 10-atomic-percent-silicon 
alloy shows a texture much like pure copper. The intermetallic y phase (Cu5Si) does 
not texture. 

RE SlDUAL STRESS 

Photographic techniques were used to study the X-ray diffraction lines produced by 
some pure metal samples that had been subjected to sliding. Both the shift and the 
broadening of the lines due to various degrees of wear were observed. The following are 
the principal resul ts  of this study: 

500 g wt. ; sliding speed, 24.8 cm/sec). This  line broadening can be  attributed to small  
particle size (0. 1 pm) or to nonuniform residual s t r e s s  of 3 . 9 2 ~ 1 0  newtons per square 
meter (5. 5x10 psi). 

1. In iron, a line broadening is evident under severe wear conditions (load, 

7 
3 
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2. In copper, the line broadening is large under the most mild wear conditions. 
This line broadening is probably due to nonuniform stresses, perhaps an order of magni- 
tude greater than those in iron. 

studying the residual stress due to wear in metals. Quantitative analysis of line profiles 
would permit the separate evaluation of particle size distribution and residual stress. 

3. Line broadening is generally pronounced. It would be the most sensitive way of 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 13, 1973, 
502 -01. 
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